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Effect of acute increases in filtered HC03 on renal hydrogen
transporters: II. H-ATPase
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Effect of acute increases in filtered HC03 on renal hydrogen trans-
porters: II. H-ATPase. Adaptive increases in renal bicarbonate reabsorp-
tion occur in response to acute increases in filtered bicarbonate (FL110).
In a previous study, we showed that an increase in FLHC03 induced
plasma volume expansion increased the Vm for NaVH exchange
activity in renal cortical brush border membrane vesicles (BBMV),
providing a potential mechanism for the adaptive increase in HC03
reabsorption. The present studies were undertaken to determine whether
the increase in FLHCO3 induced by plasma expansion also stimulates the
other major H transporter in cortical BBMV, the H-ATPase. H-
ATPase activity was assessed in BBMV obtained from hydropenic and
plasma expanded Munich-Wistar rats, using a NADH-linked ATPase
assay. H-ATPase activity was measured as the ouabain and oligomycin-
insensitive, bafilomycin A1-sensitive component of total ATPase activity.
Acute plasma expansion doubled single nephron FL[ICO3, and this change
was associated with a 64% increase in the Vmx for H-ATPase activity,
with no change in apparent Km. The Vn,ax for H-ATPase activity
correlated directly with whole kidney GFR and FLHco (r = 0.68 and 0.72,
respectively), and with single nephron GFR and FL03 (r = 0.76 and
0.80, respectively). Thus, the mechanism for the adaptive increase in
proximal tubular HC03 reabsorption that occurs in response to acute
increases in FLHC03 appears to be related to increased activity of both
H-ATPase and Na/H exchange in the apical membrane of the
proximal tubule epithelium.
The ability of the kidney to recapture virtually all of the
bicarbonate entering the glomerular filtrate, despite variations in
GFR, is essential for maintenance of normal acid-base homeosta-
sis. Many studies have shown that renal bicarbonate reabsorption
increases adaptively when GFR is increased acutely or chronically
[1—4]. This adaptive response is accomplished largely by changes
in proximal bicarbonate reabsorption that parallel the change in
the filtered load of HCO3 (FL1103) [1—3, 51. Segmental analysis of
this response along the proximal tubule has shown that HC03
reabsorption increases in the early, mid, and late portions of this
part of the nephron, with no evidence of a shift from early to late
segments of the tubule [2, 3, 5—7]. Such a response indicates that
apical membrane H secretion, the mechanism by which HC03
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is reabsorbed, must increase in response to increases in FLHC03
all along the tubule.
Two membrane proton transporters are responsible for virtu-
ally all HC03 reabsorption in the proximal tubule, the Na/H
exchanger and the H-ATPase. In a previous study, we demon-
strated that the activity (or number) of Na/H exchangers
increases significantly in brush border membrane vesicles ob-
tained from the renal cortex in rats in which GFR was increased
acutely by plasma volume expansion [8]. The observed increase in the
Vm for this transporter correlated directly with the change in GFR
and FLHC03. These data suggest that adaptive increases in Na/H
activity play a key role in the changes in HC03 reabsorption
observed. Work by Bank, Aynedjian and Mutz, however, also
suggest an important role for the H-ATPase [9]. In in vivo
microperfusion studies in the rat, they found that the increase in
HC03 reabsorption induced by increasing HC03 delivery
could be accounted for by a Na-independent, amiloride-insen-
sitive transport process that was blocked by inhibitors of the
H-ATPase. To assess the role of the H-ATPase in the response
of proximal tubular HCO3 reabsorption to increases in FLHc03
induced by plasma volume expansion, we examined the activity of
this transporter in brush border membrane vesicles, using a
-nicotinamide adenine dinucleotide (NADH)-linked assay of
ATPase activity [10]. Our results demonstrate that H-ATPase
activity, like Na/H exchange, increases adaptively in response
to an increase in FL03 induced by plasma volume expansion.
METHODS
All studies were carried out in male Munich-Wistar rats ob-
tained from Simonsen Laboratories (Gilroy, CA, USA). The rats
had free access to water and to a standard rat chow diet (Agway
Prolab RMH 3000). All rats were prepared for micropuncture as
described previously from our laboratory [11, 12]. For determina-
tion of glomerular filtration rate (GFR) and single nephron
glomerular filtration rate (SNGFR), the rats were given a 0.4 ml
bolus injection of Ringer's solution containing dialyzed [methoxy-
3H] inulin (100 jCi/ml) followed by a constant infusion at 0.84
mi/hr. The inulin infusion was begun —60 minutes before begin-
ning measurements.
Experimental protocols
To vary GFR and hence FLHC03 over a wide range with only
minimal changes in plasma [HCO3 ] and pH, rats were studied
during hydropenia or plasma volume expansion. For the hydro-
penia protocol, rats were infused only with the Ringer's solution
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containing [methoxy-3H] inulin as described above. Plasma vol-
ume expansion was achieved by the infusion of 3% body wt
isoncotic rat plasma plus 3% body wt Ringer's solution over 90
minutes. Volume expansion was maintained by the constant
infusion of plasma and Ringer's solution, each at 20 to 25 p1/mm,
adjusted to maintain hematocrit at the post-expansion level. After
20 to 30 minutes of equilibration, measurements were begun.
Micropuncture measurements
Tubular fluid was collected from last surface loops of proximal
convoluted tubules for measurement of SNGFR as described
previously [11, 12]. Blood and timed urine samples were collected
during the experiment for measurement of plasma and urine 3H
activity, plasma protein concentration, hematocrit, blood pH,
and P02. Whole blood, obtained on the day of micropuncture
from a donor rat, was used to replace all blood withdrawn for
analytical purposes. Arterial blood pressure was monitored
throughout the experiment.
Membrane vesicle preparation
After completion of micropuncture and clearance studies,
brush border membrane vesicles were prepared from both kidneys
in each rat using the Mg2 aggregation and differential centrifu-
gation method [13, 14], as modified previously in our laboratory
[81. In the present study, the homogenization solution contained
10 mM HepesiTris (Trizma base) plus mannitol with a final
osmolality of 300 mOsm/kg H20, pH 7.4, and 15 m'vi MgC12 rather
than 10 fflM MgC12 as used in our previous study [8]. To assess the
purity of the vesicle preparations, we assayed for the brush border
marker enzyme, alkaline phosphatase, and for the basolateral
marker, Na,KtATPase. In our preparations, alkaline phospha-
tase was increased —14-fold (mean 14.3 1.4 in hydropenia,
14.1 1.3 in plasma expanded rats, NS) in the final pellet
compared to the homogenate. The ratio of Na,K-ATPase
specific activity in the vesicles/whole homogenate averaged 1.00
0.11 and was not different between groups. The final purified
pellets obtained from the left and right kidneys were combined
(total volume —400 p1) and frozen overnight at —83°C. The
vesicles were then thawed and diluted to a final protein concen-
tration of 3.33 mg/ml with a solution (solution A) containing 150
mM KCI, 5 mrvi MgC12, and 5 mM Hepes/Tris, (pH 7.40 at 22°C) at
4°C. The vesicles were treated with cholate using the method of
Simon and Burckhardt [151 to reorient the H-ATPase so that the
AlP binding sites were on the outside of the membranes [15, 161.
To do so, sufficient sodium cholate (100 mg/mI) was added to
result in a final cholate concentration of 10 mg/mI vesicles. The
vesicles were incubated in a water bath at 37°C for one minute,
cooled rapidly to 4°C, and immediately placed in dialysis tubing
(Spectra/Por 1, molecular wt cutoff 6,000 to 8,000). They were
then dialyzed overnight against 500 ml of solution A at 4°C (with
one change of the bath with fresh solution) to remove the cholate.
The final protein concentration was then measured and the
ATPase activities determined.
ATPase assay
ATPase activities in the cholate-treated vesicles were deter-
mined in the presence of NH4 using the NADH-linked assay of
Tejedor and coworkers [10]. In brief, the ATPase activity mea-
surements were initiated by adding vesicles to 2 ml of a cocktail
(pH 7.40 at 22°C) containing 25 mi histidine, 100 mivi NaCI, 5 mM
KC1, 10 mrvi MgCl2, 21.6 ifiM (NH4)2SO4, 6 mivi phosphoenol-
pyruvate, 15 U/ml lactic dehydrogenase, 15 U/ml pyruvate kinase,
adenosine 5-triphosphate (ATP, magnesium salt), and sufficient
NADH to achieve an absorbance reading of —2.000 at a wave-
length of 340 nm. The assay was run at 37°C resulting in a final pH
of 7.23 for both the intravesicular and the bath solutions. The
absorbance of NADH was monitored using a Spectronic 1001
spectrophotometer (Bausch and Lomb) connected via a DAS-8
analog-digital control board (Keithley Metrobyte Corp, Taunton,
MA, USA) to an Everex 80386 microcomputer for data collection.
Data were collected at the rate of one measurement of absor-
bance every five seconds, with each measurement being the
average of 500 readings from the spectrophotometer. With the
NADH-linked assay used, any ADP produced from the hydrolysis
of ATP reacts with the phosphoenolpyruvate (in the presence of
pyruvate kinase) to form pyruvate and regenerate the ATP
consumed. The pyruvate, in the presence of NADH and lactic
dehydrogenase, is converted to lactate while the NADH is con-
verted to NAD. Thus, by following the rate of change in absor-
bance of the solution at 340 nm that results from NADH to NAD
conversion, the rate of ATP consumption can be calculated [10].
As long as additional NADH was added to the cocktail to keep
the reaction going, the rate of change in absorbance remained
constant for at least 50 minutes. This indicates that ATP con-
sumption was constant in the absence of specific inhibitors and
that ADP was fully converted back to ATP to maintain constant
ATP concentrations in the incubation medium.
For each experiment the percent of total ATPase activity that
was inhibitable by a variety of ATPase inhibitors was first deter-
mined in the presence of 10 ifiM ATP. In these assays, after
measurement of total ATPase activity, ouabain was added to
inhibit Na,K-ATPase activity. The concentration of ouabain
used (1 mrvi final concentration) was twice the dose determined to
maximally inhibit ouabain-sensitive ATPase activity in our prep-
aration. Oligomycin B (10 mM) was then used to inhibit mitochon-
drial ATP synthase activity, followed by the addition of bafilomy-
cm A1 (40 nM) to inhibit H-ATPase activity. At other ATP
concentrations used for determining the kinetics of HtATPase
activity, ouabain (1 mM) and oligomycin B (10 mM) were added
simultaneously rather than individually and the ouabain/oligomy-
cm B-sensitive ATPase activity measured. Bafilomycin A1 (40 nM)
was then added to determine the ouabain/oligomycin B-insensi-
tive, bafilomycin A1- sensitive component of ATPase activity. In
all these assays, H-ATPase activity was defined as the difference
between the rate of ATP consumption after ouabain and oligo-
mycin B inhibition and the rate observed after subsequent addi-
tion of hafilomycin A1. H-ATPase activity was determined at
ATP concentrations ranging from 0.05 m to 10 mst In general,
at ATP concentrations from 0.5 to 10mM, 40 p1 of vesicles (-—120
mg) were used with each assay of activity. For ATP concentrations
of 0.25 mri or less, 60 to 120 p1 of vesicles were used to improve
the accuracy of the determinations. Bafilomycin A1 was provided
by Dr. K. Altendorf, Osnabruck, Germany. The concentration of
bafilomycin A1 in the stock solution provided by Dr. Altendorf
was determined spectrophotometrically [17]. All other inhibitors
and chemicals were purchased from Sigma.
To assess the fraction of bafilomycin A1-sensitive ATPase
activity attributable to H-ATPase that is accessible without
cholate treatment (such as in non-vesiculated brush border mem-
branes, inverted vesicles, or endosomes), some assays were carried
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Table 1. Body weights and arterial blood values
Body wt Hct vol% AP m
Group g Bo Bo
m Hg
E pH
Pc02
mmHg
HC03
mM
Plas
Bo
ma [protein]
g/dl
E
Hydropenia (11) 310 10 51.1 0.4 58.3 0.4 115 3 104 2 7.43 0.01 41.1 0.7 26.3 0.4 5.7 0.2 5.3 0.le
Plasma expansion (8) 312 7 52.2 0.4 46.0 0.4C,1 112 4 113 31 7•44 0.01 41.4 0.3 27.6 0.5a 6.0 0.1 6.2
Values shown are means SE. Abbreviations are: Hct, hematocrit; AP, mean arterial blood pressure; pH, mean systemic arterial blood pH during
micropuncture; P02, mean experimental arterial co2; HC03, mean experimental plasma bicarbonate concentration; Bo, values obtained immediately
after anesthesia and insertion of the femoral artety catheter; E, values obtained during micropuncture. Numbers in parentheses indicate number of rats.
a P < 0.05, "P < 0.01 and C P < 0.001, vs. hydropenia
dP < 0.05, C < 0.025, and 1P < 0.005, and gp <0.001, vs. Bo
out both in untreated vesicles and in vesicles solubilized with 0.1%
deoxycholate (DOC) taken from the same animal. In data ob-
tained from three hydropenic rats, bafilomycin A1-inhibitable
ATPase activity in the untreated (native) vesicles was 13 0.5%
of total ATPase activity and increased to 41.1 3.2% after they
were solubilized with DOC. In four plasma expanded rats the
bafilomycin A, -inhibitable ATPase in untreated vesicles was
17.5 2.8% of total activity and increased to 51.0 5.8% with
DOC treatment. These data suggest that -—-75% of bafilomycin-
sensitive ATPase activity was obtained from intact right-side out
brush border membrane vesicles, and the remaining —25% was
from brush border fragments that failed to form vesicles, from
inverted brush border vesicles, or from ertdosomes. The results
obtained after DOC treatment in these animals are virtually
identical to the results obtained in vesicles treated with cholate (in
the Results section; 42.8 1.8% of total ATPase activity in
hydropenia, N = 11, and 49.6 1.0% after plasma expansion,
N = 11, P < 0.005). The addition of DOC to cholate-treated
vesicles from three hydropenic animals and for plasma expanded
animals had no further effect on bafilomycin A,-inhibitable
ATPase activity (data not shown).
Analytical methods, calculations, and statistics
Blood pH, Pc02, and P02 were measured using a blood gas
analyzer (Radiometer, Copenhagen). Plasma bicarbonate concen-
tration was calculated using the Henderson-Hasselbalch equation.
Total osmolality of the solutions used for vesicle preparation and
ATPase assay were determined by freezing point depression
(Osmette). GFR and SNGFR were calculated using standard
formulas. Whole kidney and single nephron FLHcO3 were deter-
mined from the product of GFR and SNGFR, respectively, and
the calculated Bowman's space concentration of bicarbonate [2,
121. Protein concentrations of the final vesicle preparations were
determined using a modification of the Bradford technique [18]
with gamma globulin (Cohn Fraction IV, Sigma) for the stan-
dards. For each animal, the kinetic constants (Vmax and I) of
H-ATPase activity were calculated from a fit of the data to the
Michaelis-Menten equation {H-ATPase activity = a X [ATPJ/(b
+ [ATP]), where a = the Vmax for H-ATPase activity and b =
the apparent Km for ATP}. The kinetic constants were also
calculated from an Eadie-Hofstee transformation of these data, in
which H-ATPase activity [nmol ATP consumed/(min X mg
protein)1 was plotted against H-ATPase activity/{ATP, yielding
a linear relationship in which the y-intercept is equal to the Vmax
and —1 >< the slope is equal to the apparent K,,,. The kinetic
constants were the same with either approach. For linear equa-
tions (Eadie-Hofstee data), statistical analysis was carried out by
covariance analysis. Nonlinear relationships (Michaelis-Menten
curves) were fitted using a computer-based nonlinear least
squares regression analysis and the curves were compared using a
residual sums of squares technique [19]. For all other compari-
sons, we used either the paired or unpaired t-test where appro-
priate. Results are presented in Figures and Tables as means SE.
RESULTS
General
Table 1 presents the body weights and systemic arterial blood
composition of the 11 hydropenic and 8 plasma expanded rats in
which we determined the Vm for H-ATPase activity. Both
groups of rats were of similar body wt. Prior to micropuncture
surgery, blood hematocrit, mean arterial blood pressure, and
plasma protein concentration were similar between groups. Dur-
ing the experiment, hematocrit was significantly elevated in the
hydropenic group above the value obtained immediately after
anesthesia and insertion of the femoral arteiy catheter (B0), as a
consequence of a surgically-induced loss of plasma volume [201.
The mean hematocrit of the plasma volume expanded group, by
contrast, was reduced to a level significantly below the B0 value
and was far below the mean experimental value in the hydropenic
group (46% vs. 58.3%, P < 0.001). The volume depleted state of
hydropenia was also associated with a small fall in mean arterial
blood pressure and plasma protein concentration from B0 values.
Blood pH and P02 were not significantly different between
groups. Plasma bicarbonate concentration was 1.3 m lower in
the hydropenic rats than in the plasma expanded animals (P <
0.05). Table 2 shows the whole kidney and single nephron
clearance data. As would be expected, whole kidney and single
nephron values for glomerular filtration rate and the filtered load
of bicarbonate were markedly elevated in the plasma expanded
rats compared to the hydropenic animals.
The open squares in Figure 1 show the effect of valying
concentrations of bafilomycin A1 on total ATPase activity, assayed
with 10 mrvi ATP in the samples. DMSO, the solvent for bafilo-
mycin A1, had no effect on total ATPase activity when given at a
volume equal to that used for administration of the inhibitor. The
filled squares in Figure 1 denote the effect of bafilomycin A1 on
the ouabain-sensitive component of ATPase activity in our vesi-
des. For these latter values, bafilomycin A1 was given first at the
concentrations shown on the abscissa, followed by 1 mt ouabain.
As can be seen, bafilomycin A1 had little or no effect on the
ouabain-sensitive Na,K-ATPase activity at concentrations
<10—8 mol/mg protein. At bafilomycin A1 concentrations> iO
mol/mg protein, significant inhibition of Na,K-ATPase was
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Table 2. Whole-kidney and single-nephron clearance data
Group
Whole kidney GFR
pt/mm
FL001
pjnollmin
Single nephron GFR
ni/mm
Single nephron FLHc03
pmol/min
Hydropenia 773 25 (11) 22.50 0.77(11) 27.9 1.6 (10) 840 46 (10)
Plasma expansion 1172 51 (8) 35.92 2.01 (8) 55.4 2.2 (7) 1770 97 (7)
Values are means SE. Abbreviation FLHCO3 is filtered bicarbonate. Whole kidney data are for one kidney.
a P < 0.001 vs hydropenia
observed, with concentrations of 4 to 6 X iO mol/mg protein,
inhibiting 80 to 90% of the Na,K-ATPase activity present. At
these high bafilomycin A1 concentrations, the addition of ouabain
plus oligomycin B had little or no further effect on ATPase activity
(filled circles).
As shown in Figure 2, in the presence of ouabain plus oligo-
mycin B, bafilomycin A1 inhibits 80% of the remaining ATPase
activity at concentrations > 10'° mol/mg protein. The '50 for
bafilomycin A1 inhibition of this remaining ATPase activity in the
Fig. 1. Bafilomycin A1-sensitivity of ATPase
activity in brush border membrane vesicles
(BBMV). Symbols are: (E) and dashed line, the
effect of bafilomycin A1 on total ATPase
activity in the absence of any other inhibitors;
(•) and solid line, the effect of bafilomycin A1
on ouabain-sensitive NatK-ATPase activity;
(S) the combined effects of 4 X iO mol/mg
protein bafilomycin A1 plus ouabain (1 msi final
concentration) plus oligomycin B (10 m final
concentration). The concentration of ATP was
10 m for each assay. The arrow indicates the
concentration of baillomycin used for
subsequent assays.
rat BBMV is ——4 x 10_li mol/mg protein (Figs. 1 and 2), a value
nearly identical to that reported by Noel and coworkers in dog
BBMV {21] and by Bowman and colleagues [22] for the ATPase
activity and H-pumping activity of the vacuolar ATPase of
Neurospora crassa. From these results, we chose to use a concen-
tration of bafilomycin A1 of 40 nM, equivalent to —7 X 10
mol/mg protein (vertical arrow Fig. 1), to inhibit H-ATPase
maximally.
Bafilomycin-sensitive ATPase (H-ATPase) activity is plotted
as a function of ATP concentration in Figure 3A for the hydro-
penic and plasma expanded rats. Comparison of the Michaelis-
Menten regression curves for the two groups reveals an increase
in the Vmax for H-ATPase activity in the plasma expanded
animals (P < 0.001). Figure 3B shows an Eadie-Hofstee transfor-
mation of these data. No significant difference in the apparent Km
for ATP was observed between groups, and the data suggest the
presence of a single saturable Michaelis-Menten component.
However, we generally did not have sufficient sample to assay for
H-ATPase activity at ATP concentrations below 100 p.M. In the
three hydropenic rats in which we were able to assay at 50 p.M, the
data suggest the existence of a second component with a lower
Vm but higher affinity (dashed line connecting 50 and 100 p.M
data points in hydropenic group) as has been observed by NOel
and coworkers [16] in dog brush border membrane vesicles.
To determine whether accumulation of H inside the cholate-
treated vesicles was limiting the activity of the H-ATPase activity
in our assays, we studied H-ATPase activity using an assay
cocktail containing 10 mi ATP identical to that used in our other
DMSO 10—13 10—12 10—11 10—10 io— 108
100
80
ci,
ciE 60
—E
E 40
ci
20
0
100
JE 80C
ci)
60
= >Q 40
Ccci
c8Q)
. 1))
20
0l—0<o 0
DMSO103 10—12 10—1110—1010—9 1O_8 10' 10
Bafilomycin A1, mo//mg protein
Fig. 2. Effect of bafilomycin A1 on ATPase activity remaining in the
BBMV after ouabain and oligomycin B inhibition.
Bafilomycin A1, mo//mg protein
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experiments with the exception that KCI was substituted for NaCI.
After addition of ouabain and oligomycin, ATPase activity was
determined before and after addition of 10 mM valinomycin to
dissipate the electrical gradient for H across the vesicle mem-
brane. After valinomycin, H-ATPase activity decreased slightly
(by 5.8%), rather than increasing, indicating that H accumula-
tion was not limiting the activity of the transporter. In other
studies nigericin and gramicidin D also failed to stimulate H-
ATPase activity. The presence of (NH4 )2S04 (21.6 mM) in our
assay cocktail (used to solubilize pyruvate kinase and lactic
dehydrogenase) probably served as a buffer to prevent H from
accumulating in the vesicles.
At an ATP concentration of 10 ms, H-ATPase activity in the
vesicles from hydropenic and plasma expanded rats was near the
calculated Vmax for each group (87.9 0.8% and 88.8 0.4% of
respectively). As shown in Figure 4, the sum of the ouabain
sensitive plus the oligomycin-B sensitive ATPase activities (solid
portion of each bar) in the presence of 10 ms ATP was not
significantly different between groups [241 36 vs. 276 30
nmol/(min x mg protein), NSI, indicating that the brush border
membrane preparation contamination by basolateral membrane
and mitochondria was similar between groups. By contrast, H-
ATPasc activity (stippled portion of each bar) was significantly
increased from 265 20 nmol/(min X mg protein) in hydropenia
to 425 32 nmol/(min X mg protein) in plasma expansion (P <
0.001). Total ATPase activity was significantly increased in the
plasma expanded group versus hydropenia [849 73 vs. 627 47
nmol/(min x mg protein), respectively, P < 0.025j, with 75% of
the increase accounted for by the increase in bafilomycin A1-
sensitive activity. Thus, the ratio of bafilomycin A1-sensitive
activity to the sum of the ouahain plus oligomycin-B-sensitive
activities increased from 1.24 0.07 in hydropenia to 1.60 0.10
in plasma expansion (P < 0.025). The relative enrichment of
BBVM was nearly identical between groups (the ratio of alkaline
phosphatase in the BBMV to that of the whole homogenate was
Fig. 4. Effect of inhibitors on ATPase activity in hydropenia and plasma
expansion for BBMV incubated with 10 mi ATP. The solid portion of
each bar represents the sum of the ouabain and oligomycin B-sensitive
activities. The stippled portion of each bar denotes the bafilomycin
A1-sensitive (H -ATPase) component, with the standard error bars
representing the SEM for the latter component. *p < 0.001 for H -ATPase
activity in plasma expanded versus hydropenic rats.
increased 14-fo1d in each group). If we divide the H-ATPase
activity in the presence of 10 mst ATP by the alkaline phosphatase
ratio to obtain a relative ratio of H-ATPase activity per unit
brush border membrane, the resulting ratio increased from 19.5
2,5 in hydropenia to 32.6 3.9 (P < 0.025) in plasma expansion.
As shown in Figure 5, the V,, for H-ATPase demonstrated
a significant correlation with single nephron and whole kidney
FLHC01 as well as with single nephron and whole kidney GFR
over the range of filtered loads studied. For the single nephron
data, the relationship predicts that the Vnax for H-ATPase
A B
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Fig. 3. Kinetics of H-ATPase activity. H-
ATPase activity as a function of ATP
concentration for hydropenia [0, solid line; y =
278(x)/(1.09 + x); r = 0.7041 and plasma
expanded rats •, dashed line; y = 492(x)/(1.3
+ x); r = 0.8931 is in CA). The lines were
derived from the Michaelis-Menten equation.
(B) An Eadic-Hofstee transformation of these
data.
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Fig. 5. Correlation of the Vmax for H-ATPase activity with filtered load.
Vm,x for H-ATPase activity in hydropenic (0) and plasma expanded rats
(U) is plotted versus single nephron FLHCO3 (A), single nephron GFR (B),
whole kidney FLHc03 (C), and whole kidney GFR (D). In (A), y = 0.198(x) + 134, r = 0.798,P < 0.01. (B) y = 6.44 (x) + 124, r = 0.758,P < 0.01.
(C) y = 11.2 (x) + 60, r = 0.725, P < 0.01. (D) y = 0.365 (x) + 33.5, r =
0.684, P < 0.01.
activity increases by 64 nmol/(min X mg protein) for each 10
ni/mm increase in SNGFR or by 20 nmol/(min X mg protein) for
each 100 pmol/min increase in FLHC03.
DISCUSSION
Bicarbonate reabsorption in the proximal tubule increases in
direct relation to increases in filtered load, when load is increased
by acute or chronic changes in glomerular filtration rate [1—3, 5—7,
23] or by chronic increases in plasma bicarbonate concentration
[ii, 24—261. In an earlier analysis, using a mathematical model
[27] of bicarbonate reabsorption along the proximal tubule, we
found that the load dependence seen at high delivery rates, such
as that induced by acute plasma volume expansion, could not be
accounted for on a physicochemical basis [6]. This analysis led us
to investigate whether epithelial H transport, the mechanism by
which HC03 reabsorption is accomplished, is activated when
HC03 delivery is increased by acute plasma volume expansion.
Two H transporters, the Na/H exchanger and the H-
ATPase, are present in the brush border membrane of the
proximal tubule [16, 21, 28—39]. In a previous study, we showed
that the Vmax for Na/H exchange in brush border membrane
vesicles prepared from plasma expanded rats was much greater
than that seen in hydropenic rats. This increase correlated with
the observed increase in both the filtered load of bicarbonate and
GFR [8].
In the present study, we directed our attention to the second
transporter, the H-ATPase. Using an ATPase assay [10], we
assessed the activity of this transporter, taking advantage of its
sensitivity to the inhibitor, bafilomycin A1 [42]. Bafilomycin A1 is
quite specific for vacuolar-type H-ATPase [21, 22]. In the dosage
used in our studies, we confirmed its lack of effect on other
ATPases in the preparations we were assaying (Figs. 1 and 2). As
shown in Figure 4, the increase in total ATPase activity in the
brush border membrane vesicles was confined to the bafilomycin-
sensitive fraction and, as we had demonstrated earlier for the
Na/H exchanger [8], Vmax for this component of ATPase
activity correlated directly with both GFR and FLHcO3 (Fig. 5).
From these observations, we conclude that, in addition to
Na/H1 exchange, H-ATPase activity in brush border mem-
brane vesicles increases in direct relation to increases in GFR and
FLHcO3 when these changes are induced by plasma volume
expansion.
Bank and coworkers used microperfusion technique to increase
HC03 delivery to the late proximal tubule, and evaluated the
role of H-ATPase in the adaptive increase in HC03 reabsorp-
tion [9]. They showed that the H-ATPase inhibitors n-ethyl-
maleimide (NEM) and dicyclohexylcarbodiimide (DCCD) com-
pletely blocked the load-dependent increase in HC03
reabsorption, and concluded that H-ATPase played a critical
role in delivery-dependent increases in HC03 transport. Al-
though their results are qualitatively consistent with ours, it is
difficult to compare the studies because they changed systemic
[HC03] and P02 as well as HC03 delivery. As is discussed
below, these maneuvers may alter H-ATPase activity indepen-
dently of changes in delivery. Ohno and colleagues examined the
role of Na/H exchange and H-ATPase in the increase in
HC03 reabsorption induced by chronic hyperfiltration after
uninephrectomy [23]. The component of HC03 reabsorption
that was sensitive to the Na/H+ exchange inhibitor ethyl-
isopropylamiloride increased in the tubules from uninephrecto-
mized rats as did the component that was sensitive to bafilomycin
A1, but only the former value reached statistical significance [23].
The activity of H-ATPase in the renal cortex has also been
assessed using pH-sensitive fluorescence techniques [15, 43, 44],
by measuring ATP consumption isotopically [38], by using specific
antibodies to one of its subunits [35, 391, and by evaluating the
mRNA for this subunit [39]. These studies have been directed
primarily at examining the effects of perturbations in acid-base
balance on the activity and location of this transporter. In all
studies to date, an increase in P2 rapidly causes insertion of
H-ATPase into the apical membrane [43—45], and a decrease in
inhibits the insertion of this transporter [45]. Metabolic
acidosis has been found to decrease the abundance of this
transporter in the proximal tubule in some studies, in contrast to
its effect to stimulate the Na/H exchanger [38, 451. Such results
led one group to postulate that the activity or abundance of
H-ATPase in the brush border membrane increases directly in
relation to increases in ambient P0 or the concentration of
HCO3, whereas the activity of the Na17H exchanger increases
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directly with increasing H concentration and is inversely related
to HC03 concentration [45]. However, others have not observed
an inhibition of H-ATPase under these conditions [39], and in
one study, chronic metabolic acidosis actually stimulated H-
ATPase activity in brush border membranes [46].
In our experiments, the V,,,,, of H-ATPase activity was
increased in response to increases in FLHCO3 induced by plasma
volume expansion, a maneuver chosen to minimize changes in
acid-base homeostasis. Although we cannot completely exclude
the possibility that small perturbations in P02 or [HC03] are
responsible for the changes in H-ATPase activity in our studies,
we think such an explanation is unlikely. Based on our analysis of
renal cortical P02 in the rat [47], the value for this parameter is
actually estimated to be 7 mm Hg lower during acute plasma
volume expansion than during hydropenia because of the higher
renal blood flow rate in the former condition. Such a change in
should decrease rather than increase H-ATPase activity.
Bicarbonate concentration in proximal tubular fluid is slightly
increased in the plasma expanded rats (by —1.5 m at the
beginning to —2 to 3 m at the end of the proximal tubule) [2, 3,
25, 26]. This small difference is unlikely to account for the increase
in H-ATPase activity, and cannot account for its relation to GFR
(Fig. 5). Thus, the signal for the increase in H ATPase activity in
the plasma expanded rats remains elusive, but it is linked most
closely with an increase in FLHC03 (or SNGFR). Further studies
are required to define the nature of this signal and the specific
nature of the response, which could involve either activation of
existing H-ATPase in the apical membrane or insertion of new
transporters [43, 44, 48].
In summary, our results indicate that the adaptive increase in
renal HCO reabsorption that occurs in response to an acute
GFR-induced increase in FLHC03 in plasma expanded rats is
directly correlated with an increase in H-ATPase activity in
brush border membrane vesicles. The present results, taken
together with our parallel findings in a previous study of the
Na7H exchanger [8], support the view that glomerulotubular
balance for HC03 reabsorption in the proximal tubule following
an increase in GFR is achieved by stimulation of both of the major
proton transporters in the apical membrane of the tubular epi-
thelium. These results confirm the predictions from our mathe-
matical modeling of the behavior of the tubule [61, and suggest a
signal-effector mechanism that links changes in delivery to
changes in membrane transport activity. Further studies are
needed to gain additional insight into this homeostatic mechanism
for preserving body alkali stores in the face of changes in
glomerular filtration.
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